Background: Cytomegalovirus (CMV) infection is a serious complication in immunosuppressed patients, specifically transplant recipients. Here, we describe the development and use of an assay to monitor the incidence and treatment of CMV viremia in a Cynomolgus macaque model of bone marrow transplantation (BMT) for tolerance induction. We address the correlation between the course of viremia and immune reconstitution.
Introduction
Cytomegalovirus (CMV) is a -herpesvirus that affects a high percentage (50-90%) of the human population. 1, 2 After primary infection, CMV remains latent in immunocompetent individuals. Clinically significant disease can occur during primary infection in seronegative individuals or as reactivation of latent infection in immunocompromised individuals, such as immunosuppressed transplant recipients. CMV is a particularly frequent complication in bone marrow transplant (BMT) recipients, where treatment with myelosuppressive antiviral drugs is undesirable during stem cell engraftment. 3 CMV may have additional impact on the outcomes of bone marrow transplant recipients. Cellular immunity through T cell responses is the most important pathway for controlling CMV replication. [4] [5] [6] [7] [8] [9] Virus-specific memory T cells have been associated with bone marrow (BM) rejection or graft-versus-host disease (GVHD) at the time of CMV infection, 10 suggesting that viremia may induce heterologous immunity to the donor or recipient, respectively. Early detection and control of CMV in BMT patients is therefore crucial for optimal clinical outcomes.
Our laboratory has utilized Mauritian origin Cynomolgus macaques (MCM) as a translational model to study the ability to induce transplantation tolerance through long-term mixed hematopoietic chimerism across major histocompatibility complex (MHC) barriers. Our current tolerance induction protocol uses a nonmyeloablative preparative regimen along with a short course (28 days) of cyclosporine A (CyA) or rapamycin monotherapy, BMT and in vitro expanded polyclonal recipient regulatory T cell (Treg) infusions. 11 In our MCM model, as in humans, we found that CMV primary infection or reactivation is a significant complication after BMT. We therefore developed a qPCR assay to monitor CMV viremia in our animals.
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extraction platform (Biomerieux, Marcy-l'Étoile, France) to extract DNA from serum and brain of a Cynomolgus macaque with clinical signs of systemic CMV reactivation. From the initial tests, we selected one optimal primer pair, consisting of primers CMV-Forward-GATGGGACCGCTCAAGTTTC, CMV-Reverse-TGACGGTAGCGAGGAGACAA, and CMV-Probe-(Fam) GGTCGATGGGGTTTTGACTCACGA (Tam). To generate a quantified standard for the assay, we cloned a PCR product containing the primer and probe binding sites into the PGem T-easy (Promega, Madison, WI) ligation and vector system. Plasmids were isolated and purified using the PureLink plasmid miniprep kit (ThermoFisher, Waltham, MA). The concentration of the standard was quantified, and then serially diluted. These serial dilutions were used to optimize the qPCR assay using TaqMan Universal PCR Master Mix (ThermoFisher) and to test the sensitivity of the primers and probe. The assay had an efficiency of 95% and a sensitivity of >5 copies/4µl of DNA.
For CMV testing, 200µl of serum were extracted on the EasyMag platform and eluted in 40µl of DNA using the Qiagen QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). PCR reactions were run in triplicate using 4µl of DNA along with serially diluted standards and a no-template control on a ViiA7 Real-Time PCR machine (Applied Biosystems, Foster City, CA). Results were analyzed using QuantStudio Real-Time PCR software (Applied Biosystems). Results of the assay were multiplied by 50 to yield DNA copies/mL of serum.
Cell sorting and flow cytometric analysis
Whole blood was lysed and labeled with a combination of the following monoclonal antibodies:
MHC I-PE-Cy7 (G46-2.6, BD Biosciences, San Jose, CA), CD3-PerCP-Cy5.5 (SP34-2, BD Biosciences), CD4-BV510 (L200, BD Horizon, Franklin Lakes, NJ), CD4-APC (L200, BD CD4+ and CD8+ T cells were defined as CD20-CD3+CD4+ or CD20-CD3+CD8+ cells, respectively. NK cells were defined as CD20-CD3-CD56+CD8+ cells. 13, 14 Naïve T cells were defined as CD28+CD95-. Central and effector memory T cells were defined as CD28+CD95+
and CD28-CD95+, respectively.
Conditioning regimen
Recipients were conditioned with 2.5-3 Gy of total body irradiation (TBI) ( 
Statistics
Data were analyzed applying two-tailed paired or unpaired Student's t-Test using GraphPad Table 2 ).
Twenty of 21 animals that underwent conditioning and BMT developed CMV viremia between day 0 and 19 in the case of CyA-treated recipients and between day 4 and 30 if they received rapamycin as posttransplant immunosuppression (Table 1 ). In some cases, when CMV viremia exceeded >10,000 copies/mL, clinical signs were observed (lethargy, loss of appetite, tremor).
Two of the CyA recipients were euthanized due to uncontrollable CMV disease before the qPCR assay was developed and the coordination of antiviral treatment was perfected. Histology from the first animal, 90-47, showed acute meningitis featuring meningeal neutrophilic infiltrates as well as cytomegalic cells ( Figure 2A ) and the cerebral cortex showed scattered neurons with cytomegalic changes including nuclear and cytoplasmic inclusions, that were positive on CMV immunostaining ( Figure 2B ), which correlated with the clinical findings. This animal's CD4 and CD8 counts remained under 400 cells/µL until sacrifice ( Figure 2C ). Due to these outcomes, our qPCR assay was developed to monitor MCM CMV in the subsequent animals (cf., Materials and
A C C E P T E D
Methods) and antiviral treatment was instituted in all animals that developed CMV viremia. The second animal that developed uncontrollable CMV disease (90-39) was seronegative before the transplant conditioning. After the recipient developed a primary infection from the donor, whose serologic testing revealed it converted to CMV+ just prior to donation, CMV copies increased rapidly, reaching >600,000 copies/mL ( Figure 2D ). The animal had clinical signs of CMV disease that included Bell's palsy. Ganciclovir (GCV) treatment was started at 10 mg/kg BID IV on day 17, increased to 12.5 mg/kg BID on day 25 and switched later to valganciclovir (VGC) after a poor response to treatment, but the animal did not recover and was euthanized. The lack of successful CMV control was perhaps in part due to the low T cell counts from the conditioning regimen ( Figure 2D ), the lack of preexisting immunity against CMV and the timing of antiviral treatment.
Rapamycin delayed the use of antivirals post-BMT compared to CyA.
Since the early CMV reactivation in the animals that received CyA post-BMT had a detrimental effect on bone marrow engraftment due to the toxic effect of CMV and antivirals on donor stem cells as we have previously shown, 11 we next sought to evaluate whether an alternate maintenance immunosuppressant would affect the kinetics of CMV reactivation. We chose to replace CyA with rapamycin given that rapamycin has been reported to reduce the risk of CMV infection in organ transplant recipients 16 while favoring the proliferation and survival of Tregs that are part of the conditioning regimen being tested in our tolerance induction protocol. 17, 18 We performed 14 BMTs with rapamycin including Treg-treated animals and controls (no Tregs infused) (Groups C and D). Animals receiving rapamycin had a trend toward delayed CMV reactivation detected through qPCR analysis compared to those receiving CyA (15.86±2.62
(n=14) vs 6.4±3.4 days (n=5) respectively, p=0.0687) ( Figure 2E ). Therefore, the use of
rapamycin instead of CyA permitted a delay in the use of antiviral treatment while potentially providing a more favorable environment for Tregs.
Lower rapamycin levels correlated with CMV reactivation prior to antiviral treatment
Animals in this study received rapamycin doses targeted at a level of 20-30 ng/mL during the first 30 days, followed by a taper during the ensuing three weeks. In some cases, the rapamycin levels reached lower levels than desired (during the first month post-BMT) and we noted that CMV viremia started to increase when the rapamycin levels dropped to ~10 ng/mL if GCV had not previously been started ( Figure 2F ). These data support the antiviral activity of rapamycin in MCM and its use as an immunosuppressant post-BMT, permitting a delay in antiviral use.
T cell counts during CMV viremia and recovery
We studied the T cell recovery in blood at different time points ( Figure 3A ) and their correlation with CMV viremia ( Figure 3B ). We observed an expected and significant decrease in the T cell counts during the first month post-BMT compared to the pretransplant levels for both the CD4 and the CD8 populations (p<0.0001) due to T cell depleting therapy. The decrease in T cells was similar for the rapamycin and CyA recipients ( Figure 3A ). T cell counts started to recover during the second month post-BMT, although not yet reaching pre-BMT levels. Although CD8+ T cells reached lower absolute numbers/L in blood than CD4+ T cells, CD8+ T cell recovery occurred earlier than CD4+ T cell recovery. By the third month post-BMT, CD8 counts were comparable to those pre-BMT. On average, recipients that received rapamycin and CyA recovered their T cell counts at a similar rate, with no significant difference between these two groups posttransplant ( Figure 3A) .
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T cell number analysis was performed at different stages of CMV reactivation to determine if CMV influenced T cell proliferation. Both prior to and at the time of CMV reactivation, T cell levels were significantly lower compared to the pretransplant counts ( Figure 3B and Table 1 ). By the time CMV became undetectable in serum, while animals were on GCV treatment, we observed an increase in the CD4 and CD8 counts. At that point, we kept the animals on GCV because T cell counts were still low. When CD8 counts surpassed 500 cells/L the GCV treatment was switched to VGC in order to protect from reactivation and T cell numbers remained relatively stable for over two weeks ( Figure 3B ).
Expansion of naïve and memory T cells
We further studied the T cell reconstitution during CMV reactivation in the rapamycin-treated recipients based on their naïve (CD28+CD95-), central memory (CD28+CD95+) and effector memory (CD28-CD95+) phenotype 19 in CD8+ and CD4+ cells ( Figure 4A ). Prior to conditioning, T cells with naïve phenotype were the predominate subset among both CD4+ and CD8+ T cells. Following conditioning and transplantation, the naïve CD4+ and CD8+ T cell percentages were markedly reduced. In contrast to CD4+ T cells, which shifted toward a central memory phenotype, the percentage of both central and effector memory phenotypes increased among CD8+ cells ( Figure 4B and 4C). The trends for absolute counts mirrored the trends for the percentage of naïve and memory cells for both CD4 and CD8 T cells ( Figure 4D and 4E, respectively).
CMV clearance and antiviral treatment
We studied different preemptive treatment approaches for MCM that received this tolerance induction regimen. In one recipient (90-7), GCV at a dose of 12.5 mg/kg BID controlled viremia after initiation at close to 200,000 copies/mL, but CMV reactivated late despite maintenance A C C E P T E D treatment with VGC that was started to allow oral drug administration ( Figure 5A ). Here we focused on the CD8+ T cell counts as have been shown to be fundamental for the control of CMV. Viremia decreased to 4,000 copies/mL after CD8+ T cells increased to >350 cells/µL while the animal was maintained on VGC. In a second animal (90-39), antiviral treatment with GCV (starting at 10 mg/kg up to 15 mg/kg BID) was initiated when the viral load exceeded 150,000 copies/mL but was unable to control viremia that eventually peaked at >600,000 copies/mL ( Figure 5B ). In addition, it has been our experience that foscarnet alone (90 mg/kg) did not prevent CMV reactivation ( Figure 5C ). Furthermore, in one animal (90-15) the combination of foscarnet at 90 mg/kg BID with GCV at low doses (5 mg/kg BID) intended to limit myelosuppression likewise failed to control CMV reactivation ( Figure 5D ). Overall, we found that CMV clearance was efficient with GCV at 12.5 mg/kg BID when treatment was instituted before CMV viremia rose above 10,000 copies/mL and maintained at this dose until viremia was undetectable for >2 weeks and CD8+ T cell numbers exceeded 500 copies/mL in the peripheral blood (e.g. Figure 5E ).
Based on this initial experience, when the rapamycin-treated animals reactivated CMV, GCV treatment was initiated at 12.5 mg/kg BID when viremia reached >1,000 copies/mL. After CMV in serum was tested negative for two consecutive weeks and the CD8+ cells recovered >500 cells/µl, GCV was switched to VGC. CMV was controlled successfully with this strategy, which frequently allowed us to delay antiviral treatment with myelosuppressive drugs during the first few weeks after BMT ( Figure 6 ).
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Discussion
Human CMV is a ubiquitous virus, highly prevalent among humans. 1,2 CMV remains the most important opportunistic pathogen in immunocompromised individuals such as BMT recipients.
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The CMV status of the donor and recipient plays a major role in the development of viremia, with seronegative recipients receiving transplants from seropositive donors having the highest risk of disease. In addition, the intensity of recipient immune system manipulation has a major impact on the development of opportunistic infections. Despite the highly species-specific nature of each CMV strain, NHPs represent an excellent model for the study of CMV as the genomic organization and coding potential closely resembles human CMV, facilitating mechanistic studies of viral pathogenesis and its effect on the host immune response. [24] [25] [26] The CMV viruses that are endemic in NHPs and humans are evolutionarily related. 27 Studies have compared the structure and genetics of CMV virus in Cynomolgus macaques to those isolated from Rhesus macaques and humans. They demonstrated that the Cynomolgus CMV glycoprotein B amino acid sequence is 88% homologous to rhesus and 76% homologous to human glycoprotein B, respectively. 24 Of the 262 open reading frames identified in Cynomolgus CMV, 137 are homologous to human CMV. 28 Here, we present the outcomes of CMV infection in Cynomolgus macaque recipients that underwent a nonmyeloablative conditioning regimen, BMT with or without in vitro expanded polyclonal recipient Tregs and a short course of immunosuppression monotherapy with either CyA or rapamycin. 11 In our study, all seropositive recipients reactivated CMV post-BMT irrespective of the immunosuppressive therapy. Our qPCR assay was able to detect and monitor CMV viremia, which allowed us to initiate treatment only once viremia was detected, thus avoiding the use of myelosuppressive antivirals during the period of stem cell engraftment.
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We studied several approaches to control CMV in our MCM transplant tolerance induction protocol. High levels of CMV viremia were difficult to control and became lethal unless promptly treated. Foscarnet as prophylaxis did not effectively inhibit CMV viremia in our model.
We found that GCV at 12.5 mg/kg BID was able to control CMV infection if instituted soon after viremia was detected and before the viremia reached 10,000 copies/mL. Lower GCV doses
were not sufficient to clear the viremia. Long-term CMV control was maintained when VGC was given once the viremia cleared and CD8 counts were >500 cells/µL. Thus, we show here in our MCM model that CMV can be controlled by high doses of GCV followed by VGC after viremia clears and CD8 T cell counts recover.
Rapamycin is an immunosuppressant with reported antiviral properties that may be effective against CMV. 16 We compared the serologic titers and response to treatment in animals that received CyA versus rapamycin. We found that animals receiving rapamycin had delayed CMV reactivation compared to CyA-treated animals. By delaying the CMV reactivation, rapamycin used with our preemptive treatment protocol delayed the use of myelosuppressive antiviral treatment, thus allowing the donor BM additional time to engraft without being affected by the toxic effect of the drugs, representing a promising approach in BMT recipients. 29 The beneficial effects on CMV viremia that we observed after changing from CyA to rapamycin must be balanced with the knowledge of the different side effects and toxicities of each drug. While, CyA is associated with hypertension, diabetes, nephrotoxicity, neurotoxicity, liver toxicity, and diarrhea, rapamycin can cause impaired wound healing and angiogenesis, mouth ulcers, thrombocytopenia, peripheral edema, arthralgia, and interstitial pneumonitis. Thus, the appropriate immunosuppression for a particular patient must be chosen after considering how the drugs may affect their overall health status.
Our conditioning protocol, including ATG-based T-cell depletion, uniformly resulted in substantial CD4+ and CD8+ T cell reduction. It was during this lymphopenic period that CMV reactivation occurred. We found that T cell recovery, predominantly by CD8+ T cells, started at the peak of CMV viremia and progressed rapidly until the virus became undetectable in the serum. The expansion occurred mostly in central and effector memory T cells. There are several potential explanations for this pattern of T cell expansion. First, lymphopenia-driven expansion is known to drive the division of T cells that then assume a memory phenotype. However, CMV is also known to drive T cell recovery after T cell depletion. In a clinical study of kidney recipients that received rabbit ATG, when T cell recovery was compared between recipients based on their CMV serostatus, CD8+ T cells were shown to repopulate faster (1-2 months) in those patients that reactivated CMV compared to seronegative recipients (taking up to two years). 30 The CD8+ T cells had an effector and memory phenotype, suggesting that memory T cell expansion was driven by CMV replication. CMV reactivation was also reported in a BMT study performed in Rhesus macaques that sought to induce mixed chimerism. Similar to our study, that group also showed that the repopulating CD8+ T cells shifted from a naïve to a central and effector phenotype during CMV infection. 31 These findings could suggest that CMV infection promoted T cell expansion that in turn caused immune activation against CMV and potentially the graft due to heterologous immunity. Consistent with this possibility, we previously reported that the only Cynomolgus recipient that remained CMV negative in a prior study of BMT achieved a markedly increased level and of duration chimerism compared to the rest of the group. 11 However, in order to rigorously study the effect of CMV on BM engraftment and rejection, we would require a large CMV seronegative control group. Unfortunately, CMVseronegative MCM are extremely rare making a study of this nature infeasible.
Novel approaches are currently being studied for the prevention and control of CMV to avoid or decrease the requirements for conventional antiviral therapies. Adoptive transfer of donor CMVspecific T cells offers an alternative to restore CMV immunity that would reduce the need for the conventional antiviral treatments and their side effects. [32] [33] [34] In addition, they provide an alternative in the face of CMV drug-resistance, which is currently a growing problem. 35, 36 One potential pitfall of this strategy is the possibility of heterologous immunity of anti-CMV T cells and precipitation of rejection by the use of cellular immunotherapy. 37 Alternatively, CMV vaccines represent an approach being investigated for CMV prevention. 38 Although there are currently no licensed CMV vaccines, there is an increasing interest in this approach and vaccines are under clinical development. CMV-specific CD8+ and CD4+ T cell recovery is associated with protection against CMV. 39 Therefore, monitoring the CMV-specific T cell population might be a strategic approach to predict CMV reactivation in BMT recipients and improve the timing for the initiation of antiviral treatment. 40, 41 The use of tetrameric complexes of HLA molecules loaded with a CMV peptide has been investigated in human BMT recipients to monitor the recovery of CMV-specific CD8+ T cells posttransplant. 6 Findings support the need for CMVspecific CD8+ T cells for CMV protection and suggest that graft-origin CMV-specific memory T cells contributed to CMV protection. The development of nonhuman primate tetramers and other assays for the study of these populations in MCM transplant models would facilitate the determination of whether or not CMV represents a barrier to the induction of transplantation tolerance.
Our treatment strategy with GCV starting at the time of viremia reaching 1,000 copies/mL with eventual transition to VGC was successful in controlling CMV in infected animals. This strategy is also adopted in the clinic in BMT recipients, where antiviral treatment is started after CMV A C C E P T E D detection. Unlike solid organ transplantation, where CMV prophylaxis is an option, the early use of antivirals is avoided in BMT recipients due to the myelosuppressive component of these drugs. We propose that for solid organ transplantation studies in macaques, prophylactic dosing with GCV be administered if T cell depletion is utilized. For BMT studies, we propose a rigorous monitoring protocol for CMV reactivation and initiation of GCV at 12.5 mg/kg BID once viremia exceeds 1,000 copies/mL. Other groups that study BMT in NHPs have used cidofovir prophylaxis during the peritransplant period. They found a significant incidence of CMV reactivation, consistent with our experience that it was unable to suppress viremia completely, and therefore frequent monitoring for viremia is still required. 31 Recently, a new CMV prophylaxis approach that lacks the toxic effects of the currently available antiviral drugs, letermovir, has been developed. 
Cause of Euthanasia
"Day" represents the number of days after conditioning was completed at which the first CMV positive sample was detected (Day of Reactivation), CMV copies/mL threshold was reached (Day of CMV >1,000 copies/mL or Day of CMV >10,000 copies/mL), or the time point when the antiviral treatment was started (Day of initiation of antiviral treatment). 90-1 (CMV seronegative), 90-47 and BM12B did not receive antiviral treatment. NA, not applicable; CMV, cytomegalovirus; CyA, cyclosporine A; TBI, total body irradiation; GCV, ganciclovir; VGC, valganciclovir. 
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